Sublethal stress in Escherichia coli was detected in various test media after exposure (in vitro) 
Sublethal stress in Escherichia coli was detected in various test media after exposure (in vitro) to seawater of various salinities. Stress was measured with an electrochemical detection technique and a,-galactosidase assay. Test media included EC medium, medium A-1, and tryptic soy broth modified to contain lactose for /?-galactosidase assay experiments. Stress was defined as the difference between a predicted electrochemical response time calculated for unstarved cells from a standard curve and the observed electrochemical response time for cells starved in seawater. The higher the salinity, the greater the stress for all test media examined. Stress was most pronounced in EC and was attributed primarily to initial die-off of starved cells exposed to the test medium at the elevated temperature of 44.5°C. Lag time and growth rates in test media were not significantly affected by salinity. fl-Galactosidase specific activity, assayed in starved cells after transfer to an induction medium at 44.5°C for 150 min, was inversely related to the salinity of the starved cell suspension. The consequences of these observations with respect to coliform enumeration methods are discussed.
Coliform bacteria appear to exhibit rapid dieoff when exposed to natural aquatic environments. Attempts to relate die-off to various physicochemical or biological factors have typically involved determinations with an all-ornone enumeration method such as viable count (4, 7, 8, 14, 19) . Recently, investigators have become aware of the existence of sublethal stress in coliforms exposed to unfavorable conditions such those as found in aquatic environments (2, 6, 9, 10, 18) or in frozen foods (17) . Olson (13) suggested that injured coliforms may not be detected by the standard most probable number procedure. Thus, investigators may have overestimated coliforni die-off by enumeration procedures which result in death of sublethaily stressed cells.
Two techniques for rapid enumeration of coliforms from aquatic environments have recently been proposed. Wilkins and co-workers (22) (23) (24) developed an electrochemical detection method for measuring the time required for a bacterial inoculum to produce a potential increase. Electrochemical detection time (EDT) was inversely related to initial cell density. Similarly, Warren and colleagues (20) Determination of EDT. Instrumentation for determining EDT consisted of a test tube (25 by 100 mm) containing two platinum electrodes and 18 ml of medium to which 2 ml of E. coli-seeded seawater was added. Tubes were fitted with a no. 4 rubber stopper containing electrodes of grade A platinum alloy wire, 24 gauge (0.508 mm) (Engelhard Industry, Carteret, N.J.). Electrodes were inserted into slits made in the stopper, and the stopper was bound with wire or epoxy or both to prevent electrode slippage. Electrodes were designed such that the ratio of their lengths below the surface of the medium was ca. 1: (15) . The sample was resuspended in 1 ml of a tris(hydroxymethyl)aminomethane (Tris)-magnesium sulfate buffer (Tris, 0.01 M; MgSO4 * 7H20, 0.01 M; NaCl, 0.05 M; adjusted to pH 7.4). After addition of 1 drop of toluene, the sample was blended in a vortex mixer and incubated at 35°C for 30 min. A 0.2-ml amount of ONPG (0.13 M in Tris-magnesium buffer, pH 7.4) was added, and the sample was incubated at 28°C until a yellow color developed. The reaction was stopped by addition of 0. The second 10-ml portion was assayed for protein by the method of Lowry et al. (11) . The sample was washed twice with phosphate-magnesium sulfate buffer and resuspended in 1 ml of 1 N NaOH before assay. A standard curve for protein was developed with serum albumin (1 mg/ml in water). Dilutions of serum albumin were made in 0.1 N NaOH. Enzyme specific activity was defined as enzyme units per microgram of protein.
Standard curves and data analysis. The relationship of EDT to inoculum density for unstarved cells was determined with EC, A-1, and TSB media. Tenfold dilutions of an E. coli suspension, prepared as described for seawater experiments, were made in 25%o seawater at 20°C. Exposure to seawater never exceeded 5 min. After samples for initial viable counts were removed, dilutions were inoculated into each test medium and incubated at 44.5°C for determination of EDT. A minimum of 18 EDT measurements were performed to construct a standard curve for each test medium. Data were analyzed by a linear least-squares regression technique with a 95% confidence interval (16) .
Standard curve data were used as follows. (Table  2) were used to evaluate the responses of starved cell populations upon transfer to media at 44.5°C. Stress, defined as observed minus predicted EDT, was a function of both salinity and test medium (Fig. 1) . Generally, maximum stress developed early during the starvation period and subsequently decreased or remained constant after extended exposure. Maximum delay in detection time occurred in EC medium after exposure to 30%o seawater. Medium A-1 was su-APPL. ENVIRON. MICROBIOL.
on October 28, 2017 by guest http://aem.asm.org/ Downloaded from perior to EC in enumerating stressed E. coli and was as effective as TSB. Differences in enumeration efficiency for the three media were most obvious early in the starvation period and diminished with extended starvation.
Effect on growth rate. Growth rates of E. coli in different test media were measured with inocula before and after starvation for various time intervals in 10 and 30%o seawater. As noted above, some loss of viability occurred during exposure to seawater (Table 1) . After inoculation into test media, there was an immediate die-off related to duration of exposure to seawater, salinity, and test medium (Table 3) . Dieoff was most pronounced when cells exposed to 30%o seawater were inoculated into EC medium. Inoculum reduction was less extensive in medium A-1 and negligible in TSB. Die-off was evident after only 30 s of exposure to the test medium. Cell densities at zero time shown in Fig. 2 reflected both loss of viability in seawater and immediate die-off upon exposure to the test medium at 44.5°C. Thereafter, no obvious differences in lag times or growth rates for any of the inocula were observed.
Effect on P-galactosidase activity after media. Recently, it has been noted that the enumeration process itself may be responsible for this apparent die-off in natural waters. Olson (13) noted that more than half of the water samples from California beaches produced false negatives in the standard fecal coliform most probable number test, i.e., growth but no gas in the presumptive portion of the test followed by growth and gas production in both the confirmed and elevated temperature portions of the test. These results suggested that a proportion of the fecal coliforms isolated may have been sublethally damaged and, therefore, would be undetected by usual enumeration procedures.
Bissonnette et al. (2) suggested that coliforms introduced into an aquatic environment exhibit the following responses: death, survival with enumeration possible by standard procedures, and sublethal stress followed by death in standard enumeration media. Stressed cells were identified by their ability to grow on a nonselective, but not on a selective medium. Similarly, Klein and Wu (10) detected the presence of sublethal stress in bacteria starved in freshwater by subjecting the cells to a transient warming stress before plating on nutrient agar.
With the recognition of sublethal stress, efforts have been directed toward development of enumeration procedures which retain selectivity for fecal coliforms but allow recovery of stressed cells. Stuart et al. (18) developed a bilayer plate containing both a selective and a nonselective medium for recovery of fecal coliforms stressed by the aquatic environment. Speck et al. (17) developed a similar bilayer plating procedure for enumerating injured coliforms in frozen foods.
Many workers have attempted inconclusively to evaluate the influence of salinity on E. coli die-off in marine environments (5, 7, 14, 19) . Rather than employing an all-or-none response to determine the effect of salinity, we chose instead to measure graded responses, i.e., development of an increase in potential, enzyme specific activity, and growth rate in selective and nonselective media. It has been our experience that source, storage conditions, and cultural history of the organisms greatly influenced their response to experimental salinity regimes (unpublished data). Sublethal stress was most apparent in freshly isolated E. coli as opposed to isolates stored for long periods of time either on slants at SoC or in 40% glycerol at -5°C. E. coli pregrown in a rich medium (TSB) and then exposed to seawater exhibited a faster, more extensive die-off when tested in a selective me would be expected to reduce enzyme specific activity in rich media where the growth rate or it delayed metabolic activity has been depressed; yet there i freshwa-were no clear differences in lag times or growth re to high rates of cells exposed to seawater for varying r than pre-periods of time (Fig. 2) 
